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Introduction
von Willebrand factor (VWF) serves in blood coagulation as an adhesive protein mediating platelet adhesion to the subendothelium, and as a carrier of factor VIII (FVIII). Its binding to the latter protects the FVIII against inactivation by proteases, thus ensuring the survival of this clotting factor in the normal circulation. 1 Deficiencies or anomalies of VWF cause von Willebrand's disease (VWD), one of the most common inherited bleeding disorders. One of the various subtypes of VWD is type 2N, a variant characterized by VWF that has abnormal FVIII binding capacity. 2, 3 The first case of type 2N VWD was described in France; the 2N refers to Normandy, the French region where this first patient came from. 2, 3 Most cases of type 2N VWD have normal VWF levels and a normal VWF multimer pattern, but low FVIII levels, with a phenotype resembling that of hemophilia A, but the type 2N defect is transmitted as an autosomal trait. Type 2N VWD is easy to identify by means of a test that explores the FVIII binding capacity of VWF (VWF:FVIIIB) in vitro, using exogenous recombinant FVIII. 4, 5 The FVIII binding domain of VWF is located in the first 272 amino acids of the mature VWF. 6 This region is encoded by exons 18-23 of the VWF gene, but 85% of all mutations occur in exons 18-20. 7,8 Type 2N mutations usually occur within the hypermutable arginine codons (R816W and R854Q), and the R854Q mutation is the most common in absolute terms, being found in 73% of the type 2N VWD patients described so far. 5, 9 The correlations between type 2N mutations and type 2N VWD phenotypes particularly concern circulating FVIII levels, responsiveness to DDAVP, and bleeding symptoms. The most common mutation, R854Q, is associated with the mildest form of type 2N VWD, with modest bleeding occurring only in homozygotes. Other mutations, such as E787K, T791M and R816W, are associated with the lowest circulating FVIII levels and a more severe type 2N VWD phenotype. 10, 11 In addition to the particular mutation involved, the presence of a compound type 2N and quantitative VWF defect may also modulate the severity of the type 2N phenotype. 12 The prevalence of type 2N VWD among all VWD patients is reportedly 1.2-2%. 13 Studies conducted in healthy Dutch and Welsh populations have indicated that the type 2N VWF defect (mainly the R854Q mutation) may be found in up to 1% of the general population. [14] [15] [16] It remains to be seen whether this might be explained by a founder effect.
In the present study, we sought to identify a founder effect among Italian type 2N VWD patients, and to calculate the prevalence of the R854Q mutation in the general population.
Design and Methods
All the subjects involved had previously given their written informed consent in accordance with the Helsinki Declaration and the study was approved by our institutional review board.
Patients and controls
Thirty-five patients belonging to 13 apparently not blood-related Italian families took part in the study. Ten families came from the region of Veneto, one from Emilia Romagna, one from Piedmont, and one from Sicily ( Figure 1 ). Eighty normal subjects and their closest family members were also recruited as a control group for the analysis of VWF gene haplotypes. A further 322 consecutive normal blood donors were also investigated to calculate the prevalence of the R854Q mutation. Type 2N VWD was diagnosed at our center by means of hemostatic and genetic analyses.
Hemostatic analysis
Blood samples were anticoagulated using sodium citrate (3.8%, 1/10 v/v); platelet-poor plasma was obtained by centrifuging the samples at 800 g for 15 min; the plasma was then centrifuged at 12,000 g for 4 min to remove all cell fragments, and stored at -80°C until use (but for no more than 2 months). VWF antigen (VWF:Ag), its collagen binding capacity (VWF:CB), factor VIII activity (FVIII:C) and the VWF's FVIII binding capacity (VWF:FVIIIB) were assessed as reported elsewhere. 4, 17 Briefly, for the VWF:FVIIIB assay, after coating microtiter plates with anti-VWF polyclonal antibody, plasma VWF was added and the plates were incubated for 1 h at room temperature. After washing, bound endogenous FVIII was removed with CaCl 2 ; 1 U/mL of recombinant FVIII (rFVIII) (Helixate; Aventis, Marburg, Germany) was added and the plates were incubated again for 1 h. After washing again, the amount of bound rFVIII was assessed with an anti-FVIII horseradish peroxidase-conjugated polyclonal antibody (Enzyme Research, South Bend, IN, USA). 4 The values were expressed in units per deciliter, assuming the optical density in the first dilution of normal pooled plasma as 100. A VWF:FVIII:B/VWF:Ag ratio (VWF:FVIIIB ratio) below 0.75 was indicative of a VWF with a potentially defective FVIII binding capacity.
Genetic analysis
Genomic DNA was extracted from peripheral blood leukocytes using the QIAamp ® DNA Blood Mini kit (Qiagen, Hilden, Germany). Exons 17, 18, 19 and 20 of the VWF gene were amplified and sequenced according to previously reported procedures 12 to identify the mutation responsible for the type 2N VWD. All polymerase chain reactions were performed using AmpliTaq Gold (Applied Biosystems, AB, Foster City, CA, USA) and a thermal cycler GeneAmp ® PCR System 2700 (AB). The Big Dye Terminator Sequencing kit v.2.5 (Perkin Elmer, Wellesley, MA, USA) and an ABI 3100 Genetic Analyzer (AB) were used for DNA sequencing.
For haplotype analysis, nine polymorphic markers flanking the c.2561G>A mutation in the VWF gene were selected, i.e. six single nucleotide polymorphisms (rs1800379, rs216293, rs1063856, rs1063857, rs216311, rs216902) and three short tandem repeats (STRI, STRII, -2144GT n ) spanning approximately 140 Kb within the VWF gene ( Figure 2 ). The single nucleotide polymorphisms and short tandem repeats were chosen for their highly polymorphic nature and because they were spread along the whole VWF gene. Single nucleotide polymorphisms were analyzed by direct sequencing, while short tandem repeat allele lengths were ascertained using fluorescently end-labeled polymerase chain reaction primers and an ABI 3100 Genetic Analyzer, as explained elsewhere. 18 All haplotypes were generated manually by inheritance.
Dating the von Willebrand factor c.2561G>A mutation DMLE+ software, rel. 2.3 (www.dmle.org), was used to estimate the original date of the c.2561G>A mutation in the VWF gene. 19 This program is based on a Markov chain Monte Carlo algorithm that enables a Bayesian inference of the age of the mutation. It uses the linkage disequilibrium (LD) between the disease mutation and the linked markers in patients and unrelated healthy controls. The software requires a knowledge of the patients' and healthy controls' haplotypes (or genotypes), an estimation of the population growth rate (d), and the proportion of disease-bearing chromosomes sampled (f).
A second mathematical approach, described by Bengtsson and Thomson, was used to confirm our findings. This is a moment method based on the linkage disequilibrium (δ), and the recombination frequency (θ), as expressed in the algorithm ĝ=logδ/log(1-θ), where ĝ is the age of the mutation expressed as the number of generations. The Luria-Delbrück correction was applied to this method to avoid the risk of underestimation.
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Statistical analysis
Differences in allele frequencies between patients and normal subjects were analyzed using the c 2 test for the single markers investigated and for the whole c.2561A linked haplotype. The statistical threshold was set at 0.05.
Results
Type 2N VWD was diagnosed on the basis of a decrease in the FVIII/VWF:Ag ratio and, more importantly, in the VWF:FVIIIB assay. Instead of considering the absolute VWF:FVIIIB value for the diagnosis of type 2N VWD, however, we attributed more weight to the VWF:FVIIIB/VWF:Ag ratio (or VWF:FVIIIB ratio). This is especially useful for patients heterozygous for type 2N VWD, who may have FVIII levels, an FVIII/VWF:Ag ratio, and VWF:FVIIIB values within normal ranges, while their VWF:FVIIIB ratio is always pathological. When the VWF revealed an abnormal FVIII binding capacity, we explored the exons of the VWF gene encoding for the FVIII binding domain.
Thirteen families with type 2N VWD from different Italian regions were studied (Figure 1 ). The main pertinent hemostatic findings in the probands of these families are presented in Table 1 .
Sequencing of exons 17-20 of the VWF gene revealed that all type 2N VWD patients carried the c.2561G>A mutation, which induces the substitution of an Arg with a Glu in position 854 (R854Q); 30 cases were heterozygous, three were homozygous, one was compound heterozygous for R854Q and R763C, and one was compound heterozygous for R854Q and c.2435delC. Finding a single mutation responsible for all our type 2N cases (whereas several causal mutations are described in the literature) prompted us to hypothesize a founder effect in our cohort of patients. A haplotype analysis was consequently performed to check whether our patients had a common c.2561 G>A-bearing haplotype (since a founder effect is expected to result in a common allele sequence in the vicinity of the mutation due to the existence of a single progenitor).
To verify this hypothesis all affected subjects (n=35) and their healthy relatives (n=21) were genotyped for the nine polymorphic markers selected, and the c.2561A associated haplotype was defined for each family (Figure 2 ). Ten different c.2561A-linked haplotypes came to light in the 13 families studied (Table 2) , but all the different haplotypes shared the same core, i.e. the CAACGC sequence (the bold A is the c.2561 mutation) extending from rs216902 to rs216293, over a total of 48.2 Kb (0.12 cM).
Finding that all patients in our cohort shared the same allele sequence in the vicinity of the c.2561G>A mutation a. Casonato et al. pointed to a common origin. To support this hypothesis, the frequency of the CA_CGC haplotype (where the underscore sign indicates the site of the R854Q mutation) was assessed in the 102 haplotypes obtained by genotyping 80 unrelated normal Italian subjects and their closest family members (Table 3 ). The frequency of the common CA_CGC haplotype in the sample of normal controls proved to be statistically lower than that in the patients with type 2N VWD, i.e. 17% versus 100% (P<0.0001). A significant difference also emerged when the allele frequency of each marker in the interval between rs216902 to rs216293 was compared between the normal population and the patients with type 2N VWD (P<0.0001) ( Table 3 ). All these findings are consistent with the existence of a founding ancestor for the c.2561 G>A type 2N mutation in our cohort of patients with type 2N VWD.
Dating the c.2561G>A mutation
Assuming the existence of a common ancestral mutation event, an attempt was made to estimate when this VWF c.2561 G>A mutation occurred. Two different approaches were used: DMLE+ software and the mathematical model of Bengtsson and Thomsom, based on linkage disequilibrium analysis. The DMLE+ software requires an estimation of the population growth rate (d) and the proportion of disease-bearing chromosomes (f): d was initially set at 0.025, 21 while f was calculated by estimating the frequency of the c.2561G>A mutation in the healthy Italian population. For this purpose, exon 20 of the VWF gene was sequenced in 322 consecutive normal subjects: two heterozygous c.2561G>A carriers were identified, giving a mutation frequency of 0.621% (2/322), which corresponds to an f of 3.98x10 -5 . Assuming that d=0.025 22 and f=3.98^10 -5 , the DMLE+ estimated the allele's age to be 387 generations (95% CI: 323-480). Considering generations of 25 years, 22 these data indicate that the c.2561 G>A mutation could have occurred around 9,675 years ago (95% CI: 8,075 -12,000), i.e. several thousand years before Christ (BC). Since a d of 0.025 is attributed in the period after Christ (AD), this parameter seemed to be unable to describe the real situation. Although no data are available on the growth rate of the ancient Italic populations BC, but bearing in mind that d values are known to be lower than 0.025 in times BC, 22 ,23 a set of growth rates in the range from less than 0.025 to 0.005 was considered. Depending on the oscillation of the d values, the age of the c.2561G>A mutation was calculated to span from 387 to 1605 generations (9,675 to 40,125 years), the older the age, the lower the growth rate considered ( Figure  3) .
When the mathematical algorithm ĝ=logδ/log(1-θ) was used, the age of the c.2561G>A mutation was estimated to be from 469 to 1,422 generations, i.e. it could have occurred from 11,725 to 35,550 years ago (assuming generations lasting 25 years). Applying the Luria-Delbrück correction to this method, assuming that d=0.025, the age of the mutation increased to 586-1,571 generations, i.e. from 14,650 to 39,275 years ago.
Discussion
About 20 years ago, a French patient from Normandy was reported to have a missense mutation impairing the capacity of VWF to bind FVIII, leading to the discovery of type 2N VWD. Cases of type 2N were subsequently identified all over the world. The first type 2N patient was found to carry the T791M VWF mutation, while a number of type 2N mutations were described in other patients, including C788Y, Y795C, C804F, R816W, R854Q, C858F D879N and R763C. [24] [25] [26] Despite the considerable number of type 2N mutations reported to date in different countries, the R854Q mutation was almost the only one to be found in our cohort of type 2N VWD patients, be they homozygotes, compound heterozygotes or heterozygotes with no bleeding symptoms. The only exception was the R763C mutation in exon 17, which interferes with the cleavage of the VWF propeptide, the persistence of which sterically hinders factor VIII binding to the VWF monomer. 26 No Italian type 2N VWD patients carrying mutations other than R854Q mutation have been reported to date, prompting us to hypothesize a founder effect in our type 2N VWD patients. To test this hypothesis, 13 unrelated families with type 2N VWD were studied (including both affected and unaffected members) to seek a common haplotype associated with the disorder.
All the families, which came from the north-east, northwest and south of Italy, shared the same CAACGC haplotype in their VWF gene. This common haplotype extended over 48.2 Kb within the VWF gene and was found significantly less frequently in a sample of the general Italian population (only 17% of the healthy subjects investigated had the CA_CGC haplotype). This difference was confirmed when single genetic markers within the common genetic region were analyzed, since their frequency in the normal population was significantly lower than that in the patients with type 2N VWD. These findings strongly support the existence of a common ancestor whose descendants (our type 2N VWD patients) carry R854Q mutations. The region of the VWF gene that our patients have in common is very small, which would point to the R854Q mutation deriving from a very ancient event. In fact, dating the R854Q mutation suggests that it occurred in the human population from 10,000 to 40,000 years ago, which is consistent with the short dimension of the region shared by our patients (the older the mutation, the shorter the genomic region affected).
This estimated age would mean that the R854Q mutation happened after human populations left Africa (around 110,000 years ago) to colonize the Middle East and then move on towards Asia (around 70,000 years ago) and Europe (around 50,000 years ago) (Figure 1 ). This hypothesis is supported by the fact that R854Q seems to be extremely rare in Africa: no data are available on populations of Sub-Saharan Africa, but information can be gleaned from the NHLBI Exome Sequencing Project (http://evs.gs.washington.edu/EVS), which involved genomic analyses on African Americans (including DNA variations in thousands of exomes from various well-phenotyped US cohorts, divided by African or European ethnicity) and revealed that the incidence of the R854Q mutation in the Afro-American exome sample is 0.1% (2 of 3,738 alleles sampled), whereas the incidence of the mutation among Caucasian Americans is around 1.2%, a figure fairly similar to those observed in British and Dutch populations. 15, 16 The small number of R854Q mutations detected among African Americans would seem to confirm indirectly that this mutation is rare (if not absent) in Africa. On the other hand, while R854Q mutations were found only rarely in the African Americans' exomes (probably the result of 5 centuries of cohabitation with Caucasian Americans), the same sample revealed a high incidence of the type 2N H817Q mutation (with an a. Casonato et al. 150 haematologica | 2013; 98(1) allele frequency of about 11%), demonstrating that other mutations occur in the FVIII binding domain of VWF. 27 If the R854Q mutation occurred before the migrant human populations separated to head for Europe or Asia, we could expect to find it in both continents, but this does not seem to be the case. The mutation has been repeatedly reported in Europe, while there is no mention in the literature of its occurrence in Asia, although other type 2N mutations have been registered in the Sheffield data bank for these countries.
That the R854Q mutation has been around for such a long time is confirmation of its mild effect on bleeding. The widespread distribution of the R854Q mutation in different countries enables us to conclude that it does not shorten the Founder effect for R854Q-related type 2N VWD in Italy haematologica | 2013; 98 (1) 151 carriers' survival or jeopardize their health, even in the homozygous state. It is not, therefore, subject to negative selection phenomena, although it is hard to imagine that it might confer a selective advantage, given that hemorrhage, for example, after childbirth or trauma, was an important cause of morbidity/mortality in the past. The CAACGC haplotype shared by our patients does not seem to be peculiar to Italian type 2N patients because it was also found in the CEPH (Centre d'Etude du Polymorphisme Humain) family pedigrees obtained from multigenerational Caucasian families living in Utah and coming from Western and Northern Europe. One individual was found to carry both the R854Q mutation (identified in the study as single nucleotide polymorphism rs41276738) and the CA(G/A)CGC haplotype seen in our patients with type 2N VWD. Although we cannot be sure that this haplotype is linked to the allele carrying the R854Q mutation, this finding gives the impression that this might be so, also in the light of the low incidence of the CA_CGC haplotype in the general population.
Finally, with regards to the time that the R854Q mutation first occurred in the Italian population, we surmise that this happened later than in other European countries, because the allele frequency we calculated for R854Q in the Italian general population (0.6%) is lower than that in the French or Dutch populations in Europe, or in Caucasian Americans (1-2%).
In conclusion, our findings suggest that Italian cases of type 2N VWD associated with the R854Q mutation descend from a common ancestor who lived more than 10,000 years ago. It would be interesting to see whether the other R854Q-associated type 2N VWD patients in Europe descend from the same ancestor. 
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